THE READING AND WRITING DIRECTION ACCOUNT IN ADULTS
===================================================

One of the most intriguing findings in the field of Numerical Cognition is that numbers in adults are automatically associated with a spatial horizontal dimension ([@B17]). In Western countries, relatively larger numbers are usually associated with the right side in space and smaller numbers with the left side in space. The most widely studied demonstration of such an association is the so-called SNARC-effect (Spatial-Numerical Association of Response Codes; [@B8]): even in tasks in which number magnitude is irrelevant (e.g., parity judgment tasks), participants are faster to respond to larger numbers with the right hand, and to smaller numbers with the left hand ([@B66]).

The *common reading account* proposes that the origin of this directionality stems from reading habits. Suggested by [@B8], this account was further corroborated in a series of studies by \[e.g., [@B55], [@B18], [@B57]; see also [@B67]\]. They showed that general and situational exposure to right-to-left writing modulated or even reversed the common SNARC effect -- participants exposed to right-to-left reading habits had a null or right-to-left SNARC effect. However, there are other accounts of the origin of SNAs. For instance, some researchers propose that the SNARC effect is created by the order of numbers in verbal working memory sequences (e.g., [@B64]). Others suggest that the direction of the SNARC effect might be triggered by early finger counting habits (an embodied account; [@B15]) or that verbal-linguistic markedness might contribute to number-parity and number magnitude representations ([@B41]). A detailed discussion of these accounts is beyond the scope of the current review; here, we will focus on the dominant account, which is the *common reading account*.

SPACE-NUMBER ASSOCIATIONS IN CHILDREN
=====================================

Space-number associations (SNAs) develop in early childhood ([@B37]). Western preschoolers have a strong preference for left-to-right object counting ([@B3]; [@B43]; [@B56]; [@B29]) as well as for left-to-right sequences of Arabic digits ([@B42]). In a typical counting task, an explicit spatial-numerical decision has to be made, i.e., to start from the left or from the right. However, preschoolers show SNAs even in tasks not requiring an explicit spatial-numerical decision. [@B45] observed a SNARC-like effect in a non-symbolic numerosity comparison task in children as young as 3- and 4-years-old. All these children were clearly preliterate, so their reading habits could not explain their SNAs. In addition, SNAs in preschool children are already automatic and present even when magnitude is not task-relevant. [@B24]; Experiment 2) observed a classical SNARC effect in children as young as 5;5 years when children had to decide whether Arabic numbers changed to red or to green, by pressing a left- or right-located button. A SNARC-like interaction between number magnitude and response side was observed. Thus, number magnitude was task-irrelevant (children had to decide about color), but automatically activated. Moreover, there was no explicit instruction that magnitude should be related to one side of space. The presence of SNAs in preschool children clearly challenges the common reading account for SNAs, because those children have not yet developed reading habits themselves.

Recently, [@B9] observed that already 7-months-old infants, growing up in Italy ^[1](#fn01){ref-type="fn"}^ (left-to-right-reading), showed a preference for left-to-right increasing sequences of sets' numerosities. They proposed an alternative to the common reading account and suggested *biological predisposition* to cause SNAs in very young children. These biologically determined SNAs might later be modulated or even reversed by reading/writing acquisition.

Even such a *combination account* of biological left-to-right predisposition and later modulation by cultural reading habits is at odds with recent studies. [@B56] showed that reading/writing habits in a society modulated counting habits already in preliterate children. British 3--6-years-old preschool children counted mainly from left-to-right, whereas the majority of the Israeli and Palestinian children (growing up in right-to-left reading cultures) counted from right-to-left. The combination account cannot explain these data. Its biological component cannot explain any cultural variation by reading habits at all. Its reading experience component cannot explain cultural modulation before reading acquisition.

Spatial-directional training also shapes or modulates SNAs in preliterates. [@B44]) provided directional attentional non-numerical training to 3--4-years-old children. They observed that left-to-right training led to a subsequent left-to-right SNARC-like effect, while right-to-left training led to a right-to-left SNARC-like effect. In another study, [@B21] tested counting direction in British and Arab preschoolers before and after a 5 min reading-related experience that was either left-to-right or right-to-left. They found that, irrespective of children's initial counting direction, most children who observed left-to-right reading counted left-to-right, and most children who observed right-to-left reading counted right-to-left. Such modulation of SNA direction by training also speaks against an exclusively biological account.

Both studies clearly show that spatial-directional experience shapes SNAs in preschoolers. In addition, taking both studies together they make an important point, which will drive our review: different SNA types were modulated by different spatial (training) mechanisms. [@B44]) conducted an implicit attentional training, not related to reading observation, and this training affected an implicit directional measure of SNA (the SNARC effect), but did not lead to a change in explicit counting direction. Similarly, [@B21] showed an effect on explicit counting direction only when the training included explicit reading observation but not with implicit attentional training. This is in line with [@B25] observation that children have a strong idea which explicit SNA is correct. They showed that the majority of 5--11-years-old children they tested in Canada believed that the order in which items were counted was important. Most children favored a left-to-right, top-to-bottom order of counting. Thus, children are very aware of explicit counting direction and have a clear idea of what the 'correct' direction of counting is. For children, this 'correct' direction seems to be consistent with their particular cultural reading/writing habits.

There is now clear empirical evidence that SNAs can be formed in preschool children, but we still lack a coherent theoretical proposal that could explain which concrete mechanisms or processes contribute to the emergence of number-space effects in young children. This is an obvious gap in this line of research. This mini-review aims to close this gap by proposing and discussing *six distinct mechanisms.*

It is important to note that numbers can be linked to spatial directions in different ways. [@B46], who proposed four SNAs in general, described two *spatial-directional* SNA types in particular:

1.  \(i\) Associations between cardinalities and spatial directions: in this SNA, there is a directional association similar like in a SNARC effect -- in left-to-right reading cultures larger numerosities are responded to faster on the right side and smaller numerosities on the left.

2.  \(ii\) Associations between ordinalities and spatial directions: in this SNA, spatial direction is related to ordinality (e.g., the direction of counting) -- it is not necessarily related to cardinality because younger preschoolers do not know that the end point of the counting sequence equals the cardinality (i.e., the total number of objects in the sequence).

The mechanisms outlined in this review may not contribute equally to the emergence of the two SNA types described above. These mechanisms, their differential impact, and the probable age of onset will be defined and systematically demarcated in the remainder of this review.

MECHANISMS POTENTIALLY INDUCING SPATIAL-NUMERICAL DIRECTIONALITY IN PRELITERATE CHILDREN
========================================================================================

BRAIN LATERALIZATION
--------------------

Brain lateralization may play an important role for early spatial-directional preferences ([@B51], for animal studies). Directional spatial-numerical biases in 7-months-old infants have been interpreted as an innate disposition to associate larger numerosities with one side in space ([@B9]). While such findings may be explained by innate biases, they are not fully conclusive yet: first, so far, no evidence has been obtained that the spatial-numerical biases vary systematically with an indirect measure of brain lateralization: handedness. Second, early presence of a mechanism does not necessarily imply innateness -- 7 months might be long enough to learn about spatial-directional regularities in a social cultural setting. Third, even spatial biases which seem to be strongly predisposed might be subject to cultural influences ([@B22]; [@B54]). To be clear, these arguments do not preclude a role of brain lateralization in humans but, in our opinion, the case is far from closed.

MONITORING ADULT READING BEHAVIOR
---------------------------------

Joint book reading activity promotes emergent literacy (including print awareness) in children who are not yet conventional readers ([@B53]; [@B40]). Via joint book reading, preliterate children could learn about text directionality by observing their parents pointing to particular places in text or referring to subsequent pictures ([@B11]; [@B36]). Knowledge of spatial organization of script and pictures in books (and also about the organization of books) could be acquired very early because adults start reading books to children as young as 1--2 years ([@B52]; [@B20]). So, by reading books to children, adults may impose an attentional directionality, which children internalize even before they formally acquire reading skills.

PRETEND READING AND WRITING, AND RUDIMENTARY READING AND WRITING SKILLS
-----------------------------------------------------------------------

Children acquire basic aspects of reading and writing well before formal instruction in school starts ([@B58]). In pretend reading, typically developing children at the end of their third year not only demonstrate that they know how to hold a book and turn pages in their native writing system, but also that they know that stories progress as pages are turned and that a story has a beginning, middle and end (e.g., [@B10]; [@B60], [@B63]). Also, starting at the end of age 3, approximate word-by-word pointing in pretend reading can be observed ([@B12]). In pretend writing, preliterate children 'write' lists, thank-you notes, etc. ([@B13]). Thus, young children at least start extracting the characteristic direction of their native language's writing system. Between the ages of 3 and 4 children become more and more aware of the elements of writing and their linearity so that most 4 years-old can read and write one or more simple words, including their own name ([@B23]; [@B2]; [@B47], [@B48]). That is, the directional process related to the local writing system appears to become active at the end of the third year and further elaborated in older preschoolers.

DOMINANT ATTENTIONAL-DIRECTIONAL PREFERENCES IN A SOCIETY, NOT DIRECTLY RELATED TO READING DIRECTION
----------------------------------------------------------------------------------------------------

Reading and writing habits may influence directional preferences which at first sight have nothing to do with reading and writing themselves. First, visuo-spatial processing appears to be biased by writing direction. For instance, Arabic participants preferred drawing horizontal lines from right-to-left, while English-speaking participants preferred drawing them from left-to-right ([@B30]). Culture-dependent line bisection biases have been observed both in adults ([@B6]; [@B26]; [@B49]) and preliterate preschoolers ([@B4]; but see [@B14]). Second, spatial imagery also appears to be biased by writing direction. Hindi participants, reading from left to right, drew bicycles or elephants facing to the left, whereas Arab participants exhibited a rightward bias for those objects ([@B62]). For temporal preferences (e.g., meals of the day), adults tended to prefer horizontal alignment corresponding to their reading habits, i.e., future to the right in left-to-right writing systems and future to the left in right-to-left writing systems ([@B61]). Furthermore, spatial representations of actions appeared to be modulated by reading direction. Adults exposed to left-to-right writing systems preferentially place and expect agents on the left side of a picture, whereas adults exposed to right-to-left writing systems show the reverse pattern ([@B34]; [@B11]; [@B35]). In sum, adults engage in all kinds of attentional-directional behaviors which are not directly related to reading/writing, but which are nevertheless consistent with the direction of reading/writing in a society. Children may observe such behaviors from parents and other models and imitate them.

Importantly, some culture-dependent spatial directional *actions* themselves do not develop before school: children of school age, but not preschoolers showed culture-dependent directionality in drawing ([@B28]). Similarly, children of school age showed temporal ordering of spatial relations ([@B61]), but preschoolers did not show a preference regarding spatial placement of agents ([@B5]; [@B59]; [@B11]; [@B38]; for reviews see [@B27]; [@B7]).

It should be also noted that many applications for electronic devices (computers, tablets, smartphones) are adjusted for different reading/writing directions. Even operating systems (e.g., Windows) have a Hebrew/Arabic version, which starts from right-to-left: the 'start' button is located on the right side of the screen and the window menu opens from right-to-left. Similar directional differences can be found in childrens' applications /games, which are designed for 3--4-years-old kids, who are not yet able to read. Thus, via such applications, young children are directly exposed to certain attentional-directional cultural preferences ^[2](#fn02){ref-type="fn"}^.

In sum, there are multiple cultural spatial-directional biases in everyday actions which are not directly related to reading behavior, but are nevertheless consistent with its directionality in the local culture. It is conceivable that such biases influence attentional directionality in preliterate children.

DIRECT SPATIAL-NUMERICAL LEARNING
---------------------------------

The mechanisms described above are concerned with spatial-directional biases which are not related to numbers. However, there are also direct explicit instructions of spatial-numerical relations. For example, children are exposed to certain spatial arrangements of numbers in their picture books, and they are often formally and informally taught to count objects in a certain order. [@B31] have shown that finger-counting habits also seem to differ between cultures. Finger counting habits even strongly differ between cultures which have the same script \[see [@B1], for between culture-variations; [@B65]), for within-culture variations\]. Thus, there is a spatial-numerical component in finger counting that goes beyond reading directionality and which is directly learnt in a given culture.

Therefore, children may directly learn certain directionalities of space-number relations from adult models or instruction. This direct instruction of SNAs may begin at about 2--3 years, when children start to count.

OTHER SPATIAL-DIRECTIONAL PROCESSES INDEPENDENT OF READING DIRECTION
--------------------------------------------------------------------

Cultures may also differ in other spatial-directional processes, which are not related to reading direction or explicit numerical instruction. For instance, spatial looking behavior when crossing a street is influenced by the lane on which the traffic usually drives (first look to the right for left-lane traffic in the UK, first look to the left, for right-lane traffic in the rest of Europe). Such spatial-directional mechanisms might affect SNAs as well. However, we are not aware of any studies yet examining such influences. We would hypothesize that other spatial-directional influences generally increase directional SNAs when they are congruent to the cultural reading/writing direction and decrease SNAs when they are incongruent.

WHERE WE ARE AND WHAT WE CAN CONCLUDE
=====================================

We have defined and delineated six distinct mechanisms which might be responsible for the emergence of spatial-numerical directional preferences before formal literacy (for an overview including time of onset, see **Figure [1](#F1){ref-type="fig"}**). These mechanisms are probably often consistent, but can be sometimes in conflict. For instance, an Arab parent may read Arab children's books from right-to-left, but may count objects from left-to-right, because this is how numbers are ordered in most numerical and arithmetic graphs. Therefore, different SNA types may be represented in a different fashion or even in an opposite direction because they are learnt by different, possibly directionally conflicting, mechanisms.

![**Overview of the different mechanisms underlying the acquisition of spatial-numerical associations.** Mechanisms are ordered according to their probable age of onset according to the literature. Exact time of onset is often difficult to determine, therefore, the shaded start of the arrows depicts the probable range of onset in typically developing children. Note that brain lateralization starts before birth and that all mechanisms continue to activate spatial-numerical associations beyond the age of 48 months as indicated by the arrows.](fpsyg-06-00215-g001){#F1}

Most of the learning mechanisms proposed here are related to embodied spatial-numerical learning (e.g., [@B16]; [@B39]; [@B65]). Many spatial-numerical associations are bodily experienced and might be represented in an embodied way, for instance, by using fingers for number magnitude. In recent intervention studies ([@B19]; [@B32], [@B33]), it was shown that embodied spatial-numerical training leads to greater successful learning than various types of control training. Spatial experiences which are strongly routed in bodily representations may exert stronger influences on the build-up of SNAs, compared to other experiences. A similar account has been proposed by [@B37], who suggest that oriented motor behavior (e.g., hand movement during counting) might be a primary factor which refines SNAs in children. Following [@B16], one can postulate that for some SNAs embodied cultural influences like dominant reading/writing behavior may be most relevant (ordinality in counting), while for other SNAs (cardinality and its response side association) situated influences are more dominant.

We conclude that spatial-numerical directional preferences before formal reading should not be surprising. They need not be innate, because they may develop through many different cultural and social mechanisms. We suggest that their nature and consistency should be systematically studied. For future studies, we make several predictions:

1.  \(i\) Explicit SNAs (e.g., counting) should be trained best by explicit spatial-directional experiences, while implicit SNAs (e.g., SNARC) should be learned best through implicit spatial experiences.

2.  \(ii\) Conflicting spatial directions should lead to weaker directional SNAs than congruent spatial directions.

3.  \(iii\) Spatial learning mechanisms that are strongly embodied should influence SNAs more than mechanisms that are less strongly embodied or not embodied.

While these predictions are consistent with the available data, they have not been systematically tested so far. Future studies should not focus on the mere existence of different spatial-numerical associations in preschool children, but start exploring the relative contributions of distinct mechanisms which lead to the emergence and shape of distinct SNAs.
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